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Abstract
While receding glaciers in several respects are related to negative consequences for resi-
dent people down river (e.g., water security, glacial lake outburst floods, etc.), from an 
ecological point of view, they are unique field laboratories to study vegetation develop-
ment and dynamics from the very beginning. As the bare ground exposed by the receding 
glaciers generally does not provide a seed bank, the colonization of formerly ice-covered 
ground represents a true primary succession. There are two different approaches to 
study vegetation dynamics in glacier forelands: permanent plots and chronosequences 
(“space for time substitution”). As both procedures have their respective pros and cons, 
they should not be regarded to be mutually exclusive; rather, they should complement 
each other for a comprehensive understanding of the vegetation dynamics in glacier fore-
lands. This chapter gives a general overview on patterns and processes of vegetation 
development in glacier forelands based on vegetation sampling in two glacier forelands 
of the Eastern Alps employing both abovementioned approaches. Sampling records 
groundcover of all vascular plants, structural features such as life form composition and 
dispersal biology types of the species as well as site characteristics. The two different 
approaches give evidence for both the early vegetation dynamics after deglaciation by the 
permanent plot studies and for potential future developments by the chronosequences.
Keywords: receding glaciers, vegetation dynamics, plant colonization, permanent plots, 
chronosequences
1. Introduction
The renowned German ecologist Heinz Ellenberg made a good point when stating 
“Nowhere can succession be studied more profitably than in the valley below the front 
of a large glacier” [1]. The opportunity to directly observe the vegetation development on 
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new, hitherto unvegetated ground has fascinated botanists ever since, and in the European 
Alps, studies on vegetation development in glacier forelands date back well into the mid-
nineteenth century. There are two fundamentally different approaches to study vegetation 
dynamics in glacier forelands: permanent plots and chronosequences (“space for time sub-
stitution” sensu [2], see Figure 1). Due to time constraints, the latter method is commonly 
employed, using spatially different sites to reconstruct a temporal sequence. In glacier fore-
lands, dateable traces of the earlier extent of glaciers are commonly used [3], sometimes 
combined with lichenometric dating [4]. While the chronosequence approach is suitable 
to document shifts in species composition and vegetation structure as response to the time 
since melt-out, it does not give evidence how the colonization of bare ground is actually 
taking place. In addition, as different sites may be influenced by varying site histories, 
by unsimilar effects of the surrounding and/or topography (exposure, slope angle, etc.) or by 
differences in the frequencies and/or magnitudes of disturbances, not only the time since 
melt-out might be essential for the vegetation development observed.
A very accurate appraisal of the colonization dynamics in glacier forelands can be obtained 
by permanent plots. If an adequate number of resurveys is provided, permanent plot stud-
ies give good evidence on migration patterns, shifts in frequency or abundance of species, 
growth performance, and temporary setbacks. In addition, they allow to identify whether the 
development of species numbers or ground cover follows a more linear or more logarithmic 
trend and whether a trend reversal due to inter- and intraspecific competition at any point 
during succession occurs (see Figure 2). The downside of permanent plots is that a high level 
of patience is needed, a rare virtue in this day and age. Thus, it is no surprise that only few 
long-running permanent plot studies on primary succession in glacier forelands of the Alps 
(and beyond) exist.
As both procedures have their respective pros and cons, they should not be regarded to be 
mutually exclusive; rather, they should complement each other for a comprehensive treat-
ment of the vegetation dynamics in glacier forelands. While the permanent plot studies give 
evidence for the early colonization by plants of the bare ground exposed by the receding 
glaciers, the chronosequences give hints for the long-term vegetation dynamics within glacier 
forelands. The own results presented here will be put into a larger context to give a general 
overview on patterns and processes of vegetation development in glacier forelands of the 
Alps. The following topics are of particular interest:
• How fast is the colonization of the bare ground taking place? Several studies showed that 
high-elevation plant species despite favorable dispersal modes (predominantly light-
weight wind-dispersed seeds) show delayed vegetation dynamics due to high mortality 
rates during establishment (e.g., Refs. [5, 6]).
• Does colonization of the bare ground provided by receding glaciers follow a more linear 
or a more logarithmic trend (positive, i.e., delayed at the beginning, accelerated later on; 
negative, i.e., vice versa; see Figure 2)?
• Is there a point of trend reversal (e.g., decreasing species and/or individual numbers) due 
to increasing interspecific and intraspecific competition during succession (Figure 2)?
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• How do site conditions (elevation, exposure, substrate, snow cover duration, microclimatic 
conditions, etc.) affect vegetation dynamics?
• Do facilitating or inhibiting interactions between species exist, and if so, at what moment 
do these become apparent [7–11]?
Figure 1. Juxtaposition of the two general procedures for studying succession of plants in glacier forelands: 
chronosequences using spatially different sites to reconstruct a temporal sequence (left, shown is Storbreen glacier in 
Norway) and permanent plots observing vegetation development on one and the same sample site (right, shown is 
Coopers Quadrat #1 at Grand Pacific Glacier, Alaska; a = 1921, b = 1935, c = 1949, d = 1955, e = 1967, f = 1982) (modified 
from Refs. [3, 17]).
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2. Study sites, sampling design, and analyses
The two glacier forelands studied are located in the Central Eastern Alps. In summer 2005, per-
manent plots were established immediately in front of Goldbergkees (Hohe Tauern, Austria) 
and Lenksteinferner (Rieserferner, Italy), which were revisited every second year thereafter. 
In 2010, chronosequences were established within the same glacier forelands extending from 
the permanent plots down to moraines of the Little Ice Age (LIA) maximum which occurred 
around 1850. Table 1 summarizes basic information on both study areas.
Sample sites are 10 m2 (2 × 5 m) for both the permanent plot and the chronosequence studies 
and represent “mean” site conditions (i.e., no hollows with above-average snow cover dura-
tion or wind-exposed knolls with drier conditions). The permanent plots are arranged in two 
different sets. The A-sites were installed close to the glacier terminus (2–8 m in front of the 
ice margin in 2005), the B-sites 7–12 m away from the A-sites. Most sites became deglaciated 
in the year of the initial survey, and some of the B-sites probably already the year before. 
In total, 26 sample sites at Goldbergkees (13 A, 13 B) and 22 at Lenksteinferner (11 A, 11 B) 
are studied. Sites are GPS-recorded, flagged, and photo-documented for a precise match at 
resurveys. Vegetation sampling records groundcover and individual numbers of all vascular 
plants as well as structural features such as life form composition [12] and dispersal biology 
types [13] of the species. Mosses are sampled as undifferentiated species group. Taxonomy 
of vascular plant species follows [14]. Sampling occurs m2-wise with the smallest unit being 
0.01% ground cover (i.e., 1 cm × 1 cm on a 1 m2 subplot). Raw data are subsequently converted 
to mean ground cover values as well as total number of species and individuals per 10 m2 
sample site.
Figure 2. Hypothetical successional trajectories carrying linear or both positive and negative logarithmic/exponential 
characters. At a particular stage also reverse trends of decreasing species or individual numbers might occur.
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The chronosequences extend from the permanent plots down to the LIA terminal moraines. 
For both glacier forelands detailed chronologies about glacier retreat since LIA maximum 
exists [15, 16], allowing for a quite accurate age determination of sample sites. At Goldbergkees, 
the total horizontal distance between the youngest and oldest sites is 1.3 km and 200 m eleva-
tional difference, on Lenksteinferner 1.25 km and 280 m, respectively. On Goldbergkees, eight 
different stages of time since melt-out were studied (2 years, 4 years, 15 years, 25–30 years, 55 years, 
85 years, 120 years, 155 years) and on Lenksteinferner, nine different stages (2 years, 4 years, 20 
years, 35 years, 55 years, 75 years, 90 years, 120 years, 155 years). Each stage is represented by 
three 10 m2 plots. For the youngest stages (<10 year-ice-free), three of the permanent plot sam-
ples were used (three A-sites of 2007, three B-sites of 2009). Vegetation sampling is primarily 
the same as on the permanent plots, with the only modification that individual numbers are 
not counted. Environmental variables collected in situ for all sample sites of both approaches 
are elevation (by altimeter), exposure (by compass), slope angle (by clinometer), and rocki-
ness of the ground (by visual estimation of coarse rocks > 6 cm in %).
For data analyses, univariate and multivariate statistical procedures were employed. To 
assess the successional development in glacier forelands quantitatively, documented changes 
between different samples are crucial—temporally different in the case of the permanent plots 
and spatially different in the case of the chronosequences. Primary succession in glacier fore-
lands commonly starts with simple agglomerations of plants and subsequently becomes more 
and more complex. The increasing complexity during succession becomes obvious in change 
measures such as mean ground cover values (of singular species and total) as well as species 
and individual numbers. Temporal trends are derived by linear and/or nonlinear regressions. 
The range of variation in data sets (species numbers, individual numbers, groundcover, etc.) 
is depicted by box and whisker plots.
For detecting gradual changes in species composition within large data sets, ordination pro-
cedures assuming underlying gradients within data sets are appropriate tools. By means 
of similarity relationships, gradual changes of samples concerning species composition are 
calculated in a multidimensional ordination space. The aim of ordinations is to reduce the 
Goldbergkees Lenksteinferner
Geology Granitoid rocks Granitoid rocks
Number of permanent plot samples 13 A, 13 B 11 A, 13 B
Elevation permanent plots 2390–2420 m a.s.l. 2600–2630 m a.s.l.
Elevation LIA terminal moraine 2180 m a.s.l. 2340 m a.s.l.
Number of chronosequence stages  
(three samples each)
8 9
Horizontal extent chronosequence 1300 m 1250 m
Vertical extent chronosequence 200 m 280 m
Table 1. Basic data on the permanent plot and chronosequence studies within the glacier forelands of Goldbergkees and 
Lenksteinferner.
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number of dimensions and to make complex datasets with many species and samples inter-
pretable. For the chronosequence data, unconstrained linear principal component analyses 
(PCAs) are employed. The graphic presentation of ordination analyses is by two-dimensional 
scatter plots displaying samples and/or species; explanatory environmental variables (if avail-
able) are displayed as arrows. The arrows point from the origin of ordinates in the direction 
of samples with above average values of the particular variable; the length represents the 
relevance of the variable. Gradient analyses were performed with Canoco 4.5.
3. Early plant colonization in glacier forelands as revealed by 
permanent plot studies
After glacier retreat, new ground is provided for plant colonization. Substrate of the sample 
sites is variably rocky with amounts of rocks >6 cm between less than 25% to well over 80%. 
Figure 3 portrays the early vegetation development in the glacier forelands of Goldbergkees 
and Lenksteinferner, showing basically similar trends concerning species numbers, individ-
ual numbers, ground cover, and life form composition.
At the initial survey in 2005, the A-sites immediately in front of the ice margin were entirely 
free of plants in both glacier forelands, while on the B-sites, a couple of species with very 
few individuals were already present. The early colonizers are the chamaephytes Arabis 
alpina, Cerastium uniflorum, Saxifraga bryoides, and Saxifraga oppositifolia; the herbs Oxyria 
digyna and Veronica alpina; as well as the grass Poa alpina on Goldbergkees and A. alpina, 
Cerastium cerastoides, C. uniflorum, the stoloniferous herb Geum reptans, and the grass Poa laxa on 
Lenksteinferner (Figure 4; for complete species lists of the two permanent plot studies, see 
Ref. [17]). Two years later also on the A-sites, the first individuals appear. On B-sites species 
and individual numbers exponentially increased, while ground cover is still low (Figure 3). 
The increasing trend continues during the first decade, slowing down slightly for species and 
individual numbers but accelerating for ground cover (Figure 3). In 2015, a total of more than 
30 species are present on the permanent plots on Goldbergkees (median of individual A- and 
B-sites is 13 and 15, respectively) with over 1000 and 2000 individuals on the A- and B-sites, 
respectively. Somewhat lower are the values for the sample sites on Lenksteinferner with 22 
species on the A-sites and 30 species on the B-sites (median of individual A- and B-sites is 8 
and 11, respectively), with about half of the individual numbers of Goldbergkees (>500 on 
A-sites, just under 900 on B-sites).
Besides differences in absolute values concerning species numbers, individual numbers, 
and ground coverage (Figure 3), the permanent plot studies in the glacier forelands of 
Goldbergkees und Lenksteinferner prove a swift colonization of the bare ground and reveal 
generally similar trends in vegetation development. Vegetation dynamics in glacier fore-
lands are controlled by three fundamental steps; all of them “may have, perhaps, the power 
to be the important limiting factor for succession and ecosystem development” [18]: step 1 
is reaching the bare ground, step 2 is a successful establishment, and step 3 is growth and 
spreading.
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3.1. Step 1 in primary succession: getting there
Reaching the bare ground is the first obstacle organisms have to conquer when colonizing 
new terrain. For this task, both a diaspore supply in the surroundings and the ability of a spe-
cies to disperse from the seed source to the new ground are crucial. Concerning the former 
aspect, it makes a difference whether a glacier terminates within closed (sub)alpine vegeta-
tion with a rich diaspore supply or within sparsely vegetated scree slopes of the subnival 
belt. Several studies [19–22] have shown that recently deglaciated glacier forelands within 
the subalpine and lower alpine belt are colonized more quickly and more diverse concerning 
species numbers and life form composition than smaller glaciers terminating within the spe-
cies poor upper alpine and subnival belts [1]. In addition, the few species present at higher 
elevations of the Alps do—despite small diaspores—not always possess high dispersal ability 
[5, 11], thus further impeding colonization. Seeding experiments, at least, have shown that 
artificial seed supply enhanced vegetation dynamics in glacier forelands and—what is even 
more important—that plant species are able to establish, which would hardly reach the bare 
Figure 3. Vegetation dynamics on permanent plots (A- and B-sites) in the glacier forelands of Goldbergkees (left) and 
Lenksteinferner (right) between 2005 and 2015. Development and variation between sites are shown by box and whisker 
plots for species numbers, individual numbers, and ground cover (for vascular plants only); at the bottom bar plots show 
mean life form spectra.
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ground by natural dispersal vectors [5, 11]. Nevertheless, commonly it does not take long 
until the first plant species in recently deglaciated high alpine glacier forelands (i.e., >2200 m 
a.s.l.) appear. Time frames reported range between 1 and 8 years [1, 21–24], and also the own 
survey attests a swift colonization with the first individuals appearing within 1–2 years [17]. 
The first colonizers are anemochorous taxa throughout, carried to the glacier foreland by val-
ley winds from the surroundings and from lower elevations, too [25–27]. Thus, early coloniz-
ers are not only pioneer species sensu stricto (i.e., early colonizers not able to persist over time 
during succession, e.g., S. oppositifolia, Saxifraga exarata) but also early- to late-successional 
Figure 4. Characteristic early colonizers of central Alpine glacier forelands: Arabis alpina (a), Cerastium uniflorum (b), 
Oxyria digyna (c), Saxifraga bryoides (d), Saxifraga oppositifolia (e), stoloniferous Geum reptans (f), and Poa alpina (g) in the 
bulbil-producing (“viviparous”) form.
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taxa (i.e., those that persist over time during succession but are able for early colonization as 
well, e.g., A. alpina, C. uniflorum, O. digyna, S. bryoides) and even those with ubiquitous behav-
ior (e.g., Leucanthemopsis alpina, Agrostis rupestris, P. alpina; see Ref. [28]).
Chances for wind-dispersed early colonizers to reach the recently deglaciated glacier fore-
lands are closely linked to the distance to seed sources. Even if taxa can be transported by 
wind over distances of up to a few kilometers (see Ref. [27]), highest seed rain is within a 
radius of several meters around the seed source [25, 27]. The longer the transport, the lower 
the chance to reach the new terrain, as the seeds may ground somewhere else or the diaspores 
are completely lost when carried to unsuitable sites for germination (water bodies, rocks, 
snow, dense established vegetation, etc.). The differences in species numbers, individual 
numbers, and ground cover values between the two study areas can be partly explained by 
differences in diaspore supply. Lenksteinferner is exposed to the North at a relatively high 
elevation (>2600 m a.s.l.) and surrounded by sparsely vegetated scree slopes with poor dia-
spore supply. More abundant seed sources are to be found at lower elevations from where 
seeds have to be carried up by valley winds. For instance, in 2015, a small larch seedling (Larix 
decidua) was encountered 300 vertical meters and more than 1 km away from the last cone-
bearing adult Larch tree. Whether this seedling will survive remains to be seen; still, it high-
lights the relevance of long-distance dispersal for early colonization in glacier forelands. That 
Lenksteinferner is lagging behind Goldbergkees concerning species and individual numbers 
as well as groundcover values (Figure 3) most likely results from the larger distance to poten-
tial seed sources and thus the higher risk of diaspores getting lost. At Goldbergkees, located 
on lower elevation and in a more favorable exposure, last patches of closed alpine vegetation 
in the surrounding serve as seed sources for the colonization of the glacier foreland and are 
responsible for the higher species and individual numbers there. Besides wind, also water, 
avalanches, or mudflows might be locally important dispersal vectors for seeds or even whole 
plants into glacier forelands [26]. In addition, primary succession in glacier forelands might 
also be affected by seeds and plants originating from (debris-covered) glacier surfaces that are 
deposited in the glacier foreland after ice-melt [29–31].
3.2. Step 2 in primary succession: establishing
The second important step of primary succession in glacier forelands is a successful estab-
lishment of plants. This is not guaranteed for all diaspores that reach the glacier foreland, 
and there are high interspecific differences in seedling recruitment and survival [26, 32–34]. 
A study [32] has shown that in some species chances for germination are highest within the 
first year but declining shortly thereafter. For Artemisia genipi and Achillea moschata, germi-
nation success within the first year was at 98.8% and 68.8%, respectively. For other species, 
e.g., Linaria alpina or S. oppositifolia, germination success within the first year was very low 
(0.4% and 2.0%, respectively) but much higher during the following years. Such taxa build 
up a seed bank waiting for the right conditions to sprout, with diaspore morphology and 
diaspore weight determining how long the seeds are able to survive. A higher weight and a 
more compact seed coat increase the chance for successful germination after some years of 
dormancy. Those differences in germination behavior are reflected by the species frequencies 
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in the glacier forelands studied. Species which are able to sprout immediately after reach-
ing the glacier foreland show a swift increase in individual numbers and ground cover (e.g., 
O. digyna, G. reptans, C. uniflorum, A. alpina), while others with low germination success without 
interim dormancy such as L. alpina are significantly underrepresented [17].
Once diaspores have germinated, the next obstacle is to survive the juvenile stage, which 
is a particularly sensitive phase and characterized by high mortality rates due to different 
potential threats [3, 5, 26, 35], which should be discussed next. Despite low contents of 
organic material, nitrogen, and phosphor, nutrient matter does not seem to be responsible 
for seedling mortality in glacier forelands. Just after ice retreat, the substrate has suffi-
cient nutrients by atmospheric dust and N-depositions to instantly allow plant growth 
[28, 36–39]. Algae, cryptogams, and mosses might be involved but obviously do not play 
an important role in site melioration [17, 21, 40]. More important for the establishment of 
diaspores than nutrient matters are probably the prevailing substrate conditions. Glacier 
forelands are commonly regarded as unconsolidated, instable ground with a high amount 
of coarse rocks impeding colonization by plants. The permanent plots on Goldbergkees 
and Lenksteinferner locally feature a high amount of coarse material, but situated on more 
or less leveled ground this is remarkably solid [17]. Soil frost activity (solifluction, cryo-
turbation) is effectively suppressed by a long-lasting snow cover for 8–9 months and only 
rare freezing events during the snow-free season (late June/early July to late September/
early October). Thus substrate instability cannot be assumed a universal factor for seedling 
mortality in alpine glacier forelands. Also, a high amount of coarse boulders is no obstacle 
for colonization, a minimum of fine grained substrate provided for rooting and water sup-
ply. In fact, larger rocks provide safe sites with microclimatically more favorable condi-
tions (shorter snow cover duration, pronounced warming, etc.), and a lack of such safe 
sites significantly enhances seedling mortality and slows down early colonization within 
glacier forelands [11]. Despite a high amount of precipitation, reduced evapotranspiration, 
and additional water supply by melting snow and ice, desiccation of the coarse-grained 
substrates could be another important reason for mortality in glacier forelands, in particu-
lar during seedling and early development stage [4, 41, 42]. In particular under longer-
lasting drought phases and/or reduced snow cover related to climate warming, desiccation 
might become a more important issue in the future. Concerning soil temperatures mul-
tiyear measurements in the root horizon of plants (−10 cm) show rather mild conditions 
within glacier forelands [17]. Despite high inter- and intra-annual variations (~50%) which 
are expressed primarily in the length of vegetation period and temperature sums, mean 
temperatures between 6 and 10°C were recorded during the snow-free period in the glacier 
forelands of Lenksteinferner and Goldbergkees. These are higher temperatures than at 
tree line, where the trees make themselves a cold root horizon by shadowing effects [43]. 
Freezing temperatures within the root horizon in the glacier forelands occur but are rare 
during the snow-free season. While seeds are rather unsusceptible to moderate freezing, 
seedlings are not [6]. Species investing primarily in aboveground biomass are particularly 
at risk, while those that invest mainly in below-ground biomass during the first year (e.g., 
O. digyna) are less vulnerable, show lower mortality rates, and are represented by higher 
individual numbers and ground cover values [17, 25]. Besides desiccation and freezing 
during the vegetation period, the winter months are the second crucial phase for the  survival 
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of  seedlings. A snow cover lasting for too long can prevent successful establishment and 
carbon gain; if snow cover removal is too early, the risk of freezing damage to the seedlings 
is high, and in addition, periglacial processes may mechanically negatively affect the roots. 
In the glacier forelands of Goldbergkees and Lenksteinferner, seedling mortality in general 
is low, indicating that none of the mentioned potential threats is common or at least was 
common during the study period between 2005 and 2015.
3.3. Step 3 in primary succession: grow up and spread
The third important step for a successful plant colonization of new ground is grow up and 
spread [18]. Many of the early colonizers are long-lived taxa, with a life expectancy of up to 50 
years, in clonal and cushion plants even more [42]. Once established, plants occupy their sites 
for decades [44, 45], unless the site conditions change fundamentally. With water and nutri-
ent supply ensured, established plants grow and gain ground cover under almost uncompeti-
tive conditions. Like all perennial plants, also the high-elevation specialist alternates between 
phases of growth and phases of reproduction, which are subject to seasonal cycles [46]. Day 
length and/or a priori low-temperature period during winter (“vernalization”) control the 
right timing of flowering. While after the cold stimulus and during early summer invest-
ment is mainly in reproductive plant parts, after fruiting biomass increase is again para-
mount (see Ref. [47] for A. alpina). Simultaneously with growth new individuals establish 
from both external seed sources and diaspore-bearing individuals on the sample sites itself. A 
synchronous operation of steps 1, 2, and 3 side by side is pushing forward succession. In con-
sequence, a positive logarithmic or even exponential increase of species numbers, individual 
numbers, and ground coverage emerges as soon as the established individuals produce 
diaspores, which commonly happens the second year after establishment [25]. As most seeds are 
deposited in the immediate surrounding of the mother plant (leptokurtic diaspore dispersal 
behavior!), this direct diaspore input is superior to long-distance dispersal [5, 25, 27]. In addition, 
the ability for self-pollination in many taxa enhances the reproductive success, albeit at the 
expense of genetic variability.
Besides seed rain also vegetative propagation of capable species is relevant for increasing 
ground cover values and individual numbers of established plants [42, 45]. One of those spe-
cies that perform both generative and vegetative propagations is the stolon-producing G. rep-
tans (see Figure 4). The downside of reduced genetic variability is compensated by spread 
even in unfavorable years prohibiting generative propagation [48]. Another way of vegetative 
(clonal) reproduction is performed by P. alpina (Figure 4) which is producing bulbils in its 
pseudo-viviparous form. The development of genetically identical daughter plants instead 
of seeds is triggered by unfavorable site conditions and thus becomes more important under 
adverse conditions with higher elevation [42]. In the glacier forelands, the pseudo-viviparous 
form is much more common than the normal seed-producing form. The daughter plants are 
photosynthetically active already on the mother plant and after release are dispersed by wind. 
In doing so, a faster and more successful establishment within the glacier forelands is guar-
anteed compared to the development of diaspores with all the uncertainties during establish-
ment. In preserving the genetic information, this strategy could even be a selective advantage 
for P. alpina in comparison to the non-viviparous form [49].
Glacier Forelands – Unique Field Laboratories for the Study of Primary Succession of Plants
http://dx.doi.org/10.5772/intechopen.69479
135
The permanent plot studies show a very dynamic colonization of recently deglaciated 
ground. Vegetation dynamics in general are governed by the relative favor or disfavor 
of a site, which is a function of many different interrelated factors such as elevation, 
exposure, snow cover duration, continentality, existence of safe sites, seed sources, etc. 
Despite differences in the absolute values, in general, a swift fill-up of empty niches is 
taking place during the first decade of the permanent plot study, promoted by the growth 
of established individuals as well as by a continuous colonization by new individuals. 
These are invasive populations according to Ref. [50] with young individuals prevail-
ing. A more uniform (“Gaussian”) distribution with many species of intermediate age 
and few young and old ones, which would indicate stable populations (see Ref. [45]), 
is not yet reached. Several species invest most of the resources in generative reproduc-
tion and are able to create persistent diaspore banks. Many of the early colonizers also 
show ruderal characteristics [51] such as fast increment, the ability for self-pollination, 
or anemochorous dispersal. Just like their lowland counterparts, alpine ruderals are 
able to colonize sites with a high disturbance frequency, unlike, however, is their much 
greater life expectancy [42, 45]. Most of the species encountered in the sample sites are 
far from their maximum age, explaining the low number of losses in the repeated sur-
veys. If dropouts occur, they are compensated by newly established individuals of the 
same species, expressed in a general increase of groundcover and individual numbers. 
One notable exception is A. alpina with a life expectancy of only a couple of years. In 
both glacier forelands, this species is regularly present with diebacks during resurveys. 
A. alpina, however, as self-pollinating species [47] produces a high number of diaspores 
able for immediate germination and thus a high number of seedlings every year. The 
short life cycles of A. alpina causing a continuous dieback of individuals keep increase of 
individual numbers moderate compared to more long-lived species such as O. digyna, 
C. uniflorum, or S. bryoides. Only locally temporary setbacks in the overall vegetation 
development by disturbances are apparent [17]. Most common is the displacement of 
meltwater runoff over-pouring the sample sites for a while. The overdose of (cold) water, 
probably combined with a higher frequency and intensity periglacial processes in the sub-
strate (solifluction, cryoturbation, needle ice, etc.) negatively impacts the life processes of 
the plants, which is expressed in diebacks of quite a number of individuals of different 
species in such cases. When the melt-out stops or the runoff is displaced again, progres-
sive developments reemerge.
4. Long-term vegetation development in glacier forelands as 
indicated by chronosequences
To evaluate vegetation dynamics in glacier forelands on a temporally larger scale, chrono-
sequences are commonly employed. Despite some shortcomings (see above) chronosequences 
are helpful to hypothesize about long-term vegetation development and offer a good baseline 
to be corroborated or dismissed by long-running permanent plot studies. Figure 5 exempli-
fies gradual vegetation changes with time for the chronosequence in the glacier foreland of 
Goldbergkees. Based on the floristic composition and structural attributes, different succes-
sional stages can be identified for both chronosequences surveyed: a pioneer stage, an early 
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successional stage and a later successional stage, which might be further subdivided in a 
grass-dwarf shrub-phase and a shrub phase. A superordinate species pool characteristic 
for the siliceous Eastern Alps causes a general similarity between glacier forelands of the 
Central Eastern Alps (and also for the two presented here); however, the “floristic character 
Figure 5. Aspects of sample sites along the chronosequence in the glacier foreland of Goldbergkees (the central site out 
of three per level) illustrate the gradual vegetation change with time. Time since melt-out is 2 years (a), 4 years (b), 15 
years (c), 25–30 years (d), 55 years (e), 85 years (f), 120 years (g), and 155 years (h).
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of the surroundings” [19] depending on local site conditions (elevation, exposure, topogra-
phy, etc.) is responsible for some discreetness [17].
The PCAs in Figure 6 portray the floristic similarity between samples (the closer located 
within the ordination space, the higher the similarity) as well as changes in groundcover and 
life form composition during succession for the two chronosequence studies. The pioneer 
stage includes sites deglaciated for up to 20 years (A- to C-sites on Goldbergkees, B-sites 
on Lenksteinferner, A-sites on Lenksteinferner are missing as those three selected were still 
devoid of vegetation in 2007; see Figure 6), and vegetation development basically reflects the 
situation on the permanent plots one decade after deglaciation presented above. Substrate is 
blocky without any signs of initial soil development. Mineral nutrient supply is guaranteed 
via sediment input by wind and melting glaciers as well as by dry and wet N-deposition 
[36–39], creating a first “natural manuring.” As already revealed by the permanent plot stud-
ies, the chamaephytes C. uniflorum, C. cerastoides, S. bryoides, and A. alpina; herbs such as 
O. digyna, Sagina saginoides, V. alpina, and Cardamine resedifolia; the grass P. laxa; as well as 
mosses belong to the early colonizers in both glacier forelands. All of the vascular plants are 
anemochorous species carried to the glacier foreland by valley winds from the surround-
ings, where they are able to establish without interspecific competition. Within the first two 
decades, 20–30 different taxa appear on the new ground. Which species accompany the men-
tioned early colonizers depends on the seed sources in the surrounding and the local site 
conditions. In general, the pioneer stage is characterized by a high degree of randomness. 
Ground cover is low with <2% on the sites sampled. The early successional stage encom-
passes sites between 20 and 60 years of age (D- and E-sites on Goldbergkees, C- and D-sites 
on Lenksteinferner; see Figure 6). Some species already sparsely present within the pioneer 
stage gain importance (e.g., L. alpina, G. reptans, Gnaphalium supinum, as well as the grasses 
A. rupestris and P. alpina, again predominantly in the viviparous form), and many additional 
species join the sites. In total, 30 different species of vascular plants were recorded for the 
early successional stage on Goldbergkees and 31 on Lenksteinferner. Ground cover increases 
to values around 10% on sites deglaciated for roughly half a century, and dwarf shrubs are 
the predominant life form (Figure 6). Most of the early colonizers are still present with high 
frequency and/or abundance; on sites older than half a century; however, a continuous influx 
of additional species segregates the later successional stage (F- to H-sites on Goldbergkees, 
F- to J-sites on Lenksteinferner) and induces a generally higher dissimilarity between sites 
than earlier stages (Figure 6). One very common species is Euphrasia minima, one of the few 
therophytes involved in primary succession in alpine glacier forelands. Species numbers 
increase to well over 40, and mean ground cover is around 60%. Increasing ground cover and 
species richness intensify competition and eliminate some pioneers weak in competition. 
The later successional stage can be further divided into a grass-dwarf shrub phase (present 
on Goldbergkees) and a shrub phase (present on Lenksteinferner). In the former, the carpet-
like dwarf willows Salix herbacea and Salix retusa are very common. The shrub phase is char-
acterized by a higher groundcover of more upright-growing shrubs such as Rhododendron 
ferrugineum and different willow species (on Lenksteinferner Salix appendiculata and Salix 
breviserrata). In addition, about 120–150 years after deglaciation, the first conifer taxa such 
as Juniperus communis ssp. nana, L. decidua, or Picea abies are present in the sample sites on 
Lenksteinferner (Figure 6).
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Figure 6. Principal component analyses (PCAs) based on species data for the chronosequence studies in the glacier 
forelands of Goldbergkees (above) and Lenksteinferner (below). The pies indicate life form composition and total 
ground cover for all samples. Where necessary (A, B, and C on Goldbergkees, B on Lenksteinferner) pies are zoomed 
for better reading.
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Succession on new ground is commonly reflected by an increase of species numbers and 
ground cover, at least until a certain point [52] (see Figure 6). Species diversity of a partic-
ular successional stage is not so much triggered by elevation, rather by the vegetation belt 
in which it is located. For instance, on Goldbergkees sites being deglaciated for one and a 
half century are located within the alpine belt and exhibit less species than the same-aged 
sites on Lenksteinferner which are—despite higher absolute elevation—located close to 
the treeline ecotone allowing for an association of subnival, alpine, and subalpine ele-
ments. While the increase of species numbers shows a more negative logarithmic behav-
ior, the development of ground cover is positive logarithmic, i.e., despite a swift increase 
of species numbers during the pioneer and early successional stages, ground cover values 
lag behind during the first decades (see Figure 7)—a pattern already observable during 
the first decade of the permanent plot study. Approximately half a century after degla-
ciation, a speedup in ground cover becomes apparent. This increase is not always con-
tinuous; rather disturbances such as mudflows, relocation of glacial runoff, avalanches, 
etc. can throw back succession to an earlier stage, as displayed by the decrease in both 
species numbers and ground cover values on the 90-year-old G-sites on Lenksteinferner 
(see Figure 7).
Primary succession in glacier forelands is a process that always occurred when glaciers 
receded, whether in postglacial times, after the LIA, or today with recent climate warming. 
While the general processes of primary succession were basically always the same, the cir-
cumstances controlling these processes may differ between today and the past. Recent stud-
ies, at least, found primary succession within glacier forelands of the Alps to be accelerated, 
Figure 7. Development (mean out of three samples) of species numbers (blue open circles) and ground cover (green 
closed circles) along the chronosequences in the glacier forelands of Goldbergkees (left) and Lenksteinferner (right).
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most likely due to climate warming (e.g., Refs. [24, 53]). As a complete list of species present 
in the foreland of Lenksteinferner was already published for the early twentieth century [19], 
this glacier foreland offers the great opportunity to compare these historic data with those 
collected roughly one century later (i.e., those presented here). Ref. [54] employed these two 
spatiotemporally different data sets to address the question whether primary succession of 
plants in glacier forelands today differs from the past concerning the dynamics of coloniza-
tion, the plant species involved, and their respective biological traits. The main outcome of 
this study was that even if additional species occur and the colonization apparently is faster 
today compared to the past, fundamental differences concerning the floristic inventory, the 
biological traits, or the colonization strategies of the early colonizers due to climate change do 
not exist. This is apparently a consequence of a compensation of climate warming during the 
twentieth century by the shift of the glacier terminus to a higher elevation. The vertical shift of 
the glacier snout of Lenksteinferner between the early twentieth and early twenty-first century 
amounts approximately 300 m in elevation. Assuming a mean adiabatic temperature lapse 
rate of −0.57 K/100 m, mean annual temperatures between the two elevational levels differ by 
1.7 K [54]. This value corresponds quiet well to the magnitude of climate warming between 
the two sampling dates, and therefore, almost identical thermal conditions can be assumed for 
the recent glacier foreland (at higher elevation but affected by climate warming) and the one 
at the beginning of the last century (at lower elevations but under colder climate). As a shift 
in elevation of glacier termini during recession is a common issue, such compensation effects 
can be assumed to be a widespread determinant for succession in glacier forelands of the Alps 
(and elsewhere). Glaciers which terminate in flat glacial valleys (e.g., Morteratsch glacier in 
the Swiss Engadine [53]) may react differently, as compensation effects of elevation change by 
climate warming are lacking and the increasing temperatures may immediately affect plant 
colonization and vegetation dynamics in glacier forelands, allowing thermophilous species of 
lower elevations to participate in primary succession.
5. Conclusion
Studies on plant succession are highly important tasks, not only for the general understand-
ing of the colonization on newly created surfaces but also for providing insight for reha-
bilitation measures on disturbed ecosystems in general. The combined use of permanent 
plots and chronosequences interrelates the benefits of the two different approaches while 
reducing the respective drawbacks. Thus, cautious interpretation allows for the deduction 
of trends in vegetation dynamics on larger time scales. The permanent plot studies reveal a 
highly dynamic vegetation development in recently deglaciated glacier forelands with the 
first plant individuals appearing soon after deglaciation. A surprising fact is how swift the 
increase of species and individual numbers within the first decade after deglaciation is tak-
ing place, and it seems that mutualistic effects are important, while competition does not 
play a major role at present. Inter- and intraspecific competition becomes more effective 
later on during succession and in particular becomes apparent one century or more after 
deglaciation with the dropout of several early colonizers. The high persistency documents 
that not only pioneer species are involved in colonization of bare ground but early and 
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late-successional taxa as well. Even if conclusions of chronosequence studies have to be 
drawn carefully as other factors than site age might be similarly responsible for the vegeta-
tion development encountered, they allow hypothesizing about the future development of 
recently deglaciated glacier forelands. Whether the trends deduced by chronosequences on 
the permanent plots in fact appear remains to be seen when the long-term monitoring will 
be continued over the next decades.
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